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ABSTRACT 

The spectral line-reversal method has been applied to 

determine population-temperatures within an (argon-calcium) 

plasma, generated by a reflected aerodynamic shock. The 

measurements have been made simultaneously on (a) normal 

bound-bound Ca 1 lines, (b) lines involving strongly auto- 

ionizing levels. The agreement of the two sets of values 

identifies the electron-temperature with the temperature 

characterizing the populations of the bound excited-states, 

giving improved confidence in the existence of complete ther- 

mal equilibrium in the reflected shock. 



The s p e c t r a l - l i n e  r e v e r s a l  method has  been previous ly  

appl ied t o  t r a n s i t i o n s  between normal bound e l e c t r o n i c  states 

of n e u t r a l  atoms, ions  or m o l e c u l e s ,  (Gaydon and Hurle 1963; 

Chara t i s  and Wilkerson 1962 ;  Parkinson and Reeves 1964).  The 

technique y i e l d s  t h e  "exc i t a t ion"  or "populat ion" temperature  

between the p a i r  of s t a t e s  concerned, bu t  has  the g r e a t  advan- 

t age  over  methods which depend only  on r e l a t i v e  i n t e n s i t i e s  of  

emission or absorpt ion l i n e s ,  of avoiding involvement w i t h  

t r a n s i t i o n  p r o b a b i l i t y  values,  a s  w e l l  as  t h e  complex i s s u e s  

which a r i se  when account has  t o  be taken o f  p a r t i t i o n  func t ion  

te rmina t ion  and i o n i z a t i o n  p o t e n t i a l  depression,  (Garton, 

Parkinson and Reeves 1964).  I n  e a r l i e r  experiments w i th  shock- 

heated gases  w e  have observed (Parkinson and Reeves loc. c i t . )  

t h e  l i n e  r e v e r s a l  temperature t o  be independent of t h e  exc i t a -  

t i o n  energy, and on t h a t  b a s i s  have suggested t h e  gas t o  be i n  

thermal equi l ibr ium. 

W e  have now made fur ther  reversal- temperature  measure- 

ments on l i n e s  possessing s t rong ly  au to ion iz ing  upper s t a t e s ,  

i . e .  , s t a t e s  l y ing  i n  t h e  continua above the normal series t e r m s  

converging on the ground s t a t e  of  t h e  ion .  The populat ion of 

an au to ion iz ing  level depends on the e l e c t r o n  d e n s i t y  and elec- 

t r o n  temperature.  The autoionization-broadened l i n e  may, i n  

f a c t ,  be regarded a s  a resonance i n  an i o n i z a t i o n  continuum 

(Fano 1961; Fano and Cooper 1965), t h e  s e l e c t i o n  r u l e s  f o r  auto-  

i o n i z a t i o n  r e q u i r i n g  t h a t  t he  upper l e v e l  can f i n d  an ad jacen t  

continuum of  t h e  same J and p a r i t y ,  and f o r  LS-coupling t h e  same 

L- and S-values. Departures from LS-coupling r e l a x  t h e  l a t t e r  

requirement.  I f  reversal- temperature  measurements a r e  made on 

t h e  same plasma, r e spec t ive ly  wi th  l i n e s  which do and do not  have 

au to ion iz ing  upper s ta tes ,  and i d e n t i c a l  va lues  are  found, it i s  

a s a f e  conclusion t h a t  t h e  e l e c t r o n  temperature has  been measured 
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and found equal  t o  t h e  temperature c h a r a c t e r i z i n g  t h e  Boltz- 

mann d i s t r i b u t i o n  of t h e  normal bound s t a t e s .  I n  t h e  measure- 

ments  he re  reported,  t h e  two r e v e r s a l  temperatures d id  agree 

wi th in  experimental  e r r o r ,  and t h e  assumption of a good approach 

t o  thermal equi l ibr ium i n  the shock-heated gas i s  thereby 

strengthened. 

Not many autoionized l i n e s  have been i d e n t i f i e d  i n  t h e  

wavelength region above 2800A where l i ne - r eve r sa l  measurements 

a r e  poss ib le .  For tuna te ly ,  however, t h e  au to ioniz ing  t r a n s i t i o n  

3d4p 3F0 - 3d4d 3G i n  neu t r a l  calcium has been i d e n t i f i e d  a t  

16362, A6343 and A6318. The normal t r a n s i t i o n  4p Po - 4d 3D 

of Ca I a l s o  provides a s u i t a b l e  l i n e  a t  4425.48. With t h e  

method of shock-heating powdered solLds,  calcium vapour can 

e a s i l y  be introduced i n t o  the r e f l e c t e d  shock region and s i m u l -  

taneous l i ne - r eve r sa l  temperature measurements can be made w i t h  

one of t h e  autoionized A6350 l i n e s  and t h e  normal A4425 Ca I 

l i n e .  S ince  t h e  G upper l e v e l  of t h e  au to ioniz ing  t r a n s i t i o n  

l ies  i n  t h e  continuum, the t r i p l e t  of  A6350 has a lower l e v e l  

which i s  approximately 4.5 e l e c t r o n  v o l t s  above t h e  ground s t a t e .  

A temperature of approximately 6 0 0 0 ° K  i n  t h e  r e f l e c t e d  shock 

was requi red  t o  populate t h e  G s t a t e  s u f f i c i e n t l y  f o r  t h e  l i n e  

t o  be observed i n  emission. 
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The experimental  arrangement f o r  t h e s e  measurements was 

very s i m i l a r  t o  t h a t  reported e a r l i e r  (Parkinson and Reeves loc .  

c i t . ) .  A Xenon f l a s h  tube (EGG FX-12 provided t h e  background 

continuum f o r  both atomic l i n e s .  Light from t h e  same region of 

t h e  r e f l e c t e d  shock and from t h e  FX-12 was divided by a beam- 

s p l i t t e r ,  and images w e r e  formed on t h e  entrance s l i t s  of two 

F/9 half-meter Jarrel l -Ash scanning spectrometers .  A n  RCA 1P28  

photomul t ip l ie r  was used t o  d e t e c t  t h e  4425i r a d i a t i o n ,  and an 

RCA 4463 recorded t h e  autoionized l i n e ,  wi th entrance and e x i t  

s l i t s  of both monochromators se t  a t  approximately 20  microns.  
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The o p t i c a l  system was c a l i b r a t e d  wi th  a P h i l l i p s  tungsten- 

f i lament  s tandard lamp. The shock waves w e r e  produced i n  a 

pressure-driven s t a i n l e s s - s t e e l  shock tube wi th  a 9 - f t .  chan- 

n e l ,  3 - f t .  d r i v i n g  s e c t i o n  with uniform 2 inch square c ros s  

sec t ion .  Hydrogen a t  165 p s i  was used t o  genera te  t h e  shocks 

i n  pure argon a t  an i n i t i a l  p ressure  of  10 Torr.  

The measured temperatures and e m i s s i v i t i e s  f o r  t h e  two 

wavelengths a r e  l i s t e d  i n  Table I.  The average d i f f e r e n c e  be- 

tween  t h e  p a i r s  of measured temperatures i s  approximately 5 0 " K ,  

and i s  wi th in  our es t imated experimental  e r r o r  of  1.5%. To 

v e r i f y  t h e  e s t ima te  of t h e  experimental  e r r o r  w e  made s e v e r a l  

r u n s  wi th  both monochromators on t h e  4 4 2 5 i  l i n e  and observed 

a temperature d i f f e r e n c e  of about 9 0 ° K .  

Because t h e  calcium atoms w e r e  introduced i n t o  t h e  re- 

f l e c t e d  shock by t h e  powdered s o l i d  technique, w e  w e r e  con- 

cerned about t h e  uniformity i n  t h e  d i s t r i b u t i o n  of powder and 

t h e  concent ra t ion  i n  t h e  boundary l a y e r .  W e  observed, f o r  

o p t i c a l l y  t h i c k  l i n e s ,  t h a t  the,boundary l aye r  i n  t h e  shock 

tube could a f f e c t  t h e  temperature by a s  much a s  300" i n  6 5 0 0 " .  

For t h i s  reason, t h e  emiss iv i ty  was kept  less than one so t h a t  

t h e  temperature t h a t  was measured would r ep resen t  an average 

temperature across  t h e  shock tube.  The d i s t r i b u t i o n  of atoms 

would, of course,  be more uniform i n  an experiment where t h e  

atomic spec ie s  could be introduced i n t o  t h e  channel gas a s  a 

v o l a t i l e  vapour, and it would then be poss ib l e  t o  compute t h e  

temperature.  With t h e  powdered s o l i d  technique one cannot 

c a l c u l a t e  t h e  temperature behind t h e  r e f l e c t e d  shock wave be- 

cause of t h e  unknown amounts of energy requi red  t o  vaporize,  

d i s s o c i a t e ,  and e x c i t e  the  a c t u a l  number of calcium atoms i n  

t h e  tes t  gas.  Attempts a t  t h i s  c a l c u l a t i o n  have ind ica t ed  t h a t  

t h e  energy involved would reduce t h e  temperature from t h a t  of 

t h e  pure argon case  by approximately 15%. 
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W e  a r e  cont inuing these  experiments on o the r  autoionized 

l i n e s  from atoms introduced t o  t h e  shock a s  powdered s o l i d s  and 

as  v o l a t i l e  compounds. 

equi l ibr ium i n  t h e  shock tube ,  it w i l l  be poss ib l e  t o  measure 

the absolu te  i n t e n s i t y  i n  t h e  centers of autoionized l i n e s .  T h i s  

method then o f f e r s  t h e  p o s s i b i l i t y  of  us ing  t h e  shock tube as 

an absolu te  s tandard of r a d i a t i o n  a t  wavelengths where  auto- 

ionized l i n e s  a r e  observed. 

W i t h  t h e  confirmation of thermodynamic 
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TABLE I 

Line 6362.4A 4 4 2 5 i  

Temp. (OK) 8 Temp. (OK) € -T 

5760 

6258 

6390 

6740 

6800 

0.76 5890 

0.70 6262 

0.45 6360 

0.62 6798 

0.36 6767 

OK) 

0.42 -130 

0.40 - 4  

0.633 + 30  

0.76 - 58 

0.59 + 33 

Average AT = 51" 



- 6 -  

REFERENCES 

C h a r a t i s ,  G. and Wilkerson, T . ,  1962, Phys. of F l u i d s ,  - 5, 1661. 

Fano, U., 1961, Phys. R e v . ,  124, 1866. 

Fano, U. and C o o p e r ,  J .  W . ,  1965, Phys. R e v . ,  137 ,  A 1 3 6 4 .  

Garton,  W .  R.  S . ,  Park inson ,  W .  H. and R e e v e s ,  E.  M . ,  1964, 
- 

Ap. J., 140, 1269. 

G a y d o n ,  A.  G.  and H u r l e ,  I .  R . ,  1963, "The Shock Tube i n  H i g h -  

Tempera tu re  C h e m i c a l  Phys i c s , "  C h a p m a n  and H a l l ,  L t d . ,  

London. 

Parkinson, W .  H. and R e e v e s ,  E.  M . ,  1964, Proc. R o y .  SOC., 282, 
265 



1 .  ORIGINATING ACTIVITY (Corporate author) 

Harvard University 

2 a .  R E P O R T  S E C U R I T Y  C L A S S I F I C A T I O N  

2 6  G R O U P  

6.  REPORT DATE . la. T Q T A L  N O .  O F  P A b E S  

November 19 6 5 8 

3.  REPORT T I T L E  

7 6 .  N O .  O F  R E F S  

6 

1 1 .  SUPPLEMeYTARY NOTES 

S a .  C O N T R A C T  OR G R A N T  N O .  

NONr-1866 (48) , NsG-438 
b. P R O J E C t  NO. 

t2 .  SPaNSORIRC MILITARY ACTIV ITY 

e. 

9a.  O R I G I N A T O R ' S  REPORT NUMBER@) I I Scientific Report # 8 

d. I 
10. A Y A  I L A B I ~ t T Y / L I M l T A T I O N  NOTICE0 

Security Classification 



Security Classification 
4. L INK A LIh I 

R O L E  1 W T  I R O L E  
KEY WORDS 

1. ORIGINATING ACTIVITY Enter the name and address 
of the contractor, subcontractor, grantee, Department of De- 
fense activity or other organization (corporate author) issuing 
the report. 
2a. REPORT SECUHTY CLASSIFICATION Enter t he  over- 
all security classification of the report. Indicate whether 
“Restricted Data” is included 
ance with appropriate security regulations. 
26. GROUP: Automatic downgrading is specified in  DoD Di- 
rective 5200.10 and Armed Forces  Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 a s  author- 
ized. 
3. REPORT TITLE. Enter the complete report t i t le  i n  all 
capital  letters. Titles in all c a s e s  should b e  unclassified. 
If a meaningful t i t le  cannot be selected without classifica- 
tion, show t i t le  classification in all capi ta ls  i n  parenthesis 
immediately following the title. 
4. DESCRIPTIVE NOTES If appropriate, enter the type of 
report, e. g., interim, progress, summary, annual, or final. 
Give the inclusive da t e s  when a specific reporting period is 
covered. 
5. AUTHOR(S): Enter the name(s) of author(s) as  shown on 
or in the report. 
If military, show rank and branch of service. The  name of 
t he  principal author is a n  ahsolute minimum requirement. 
6. Enter the date  of the report a s  day, 
month, year; or month, year. If more than one date appears 
on the report, u s e  da t e  of publication. 
7a. TOTAL NUMBER OF PAGES T h e  total page count 
should follow normal pagination procedures, i. e., enter t he  
number of pages containing information. 
76. NUWER O F  REFERENCES Enter the total number of 
references cited in the report. 
88. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of  the contract or grant under which 
the  report was writ ten 
8b, 8c, 8r, Ed. PROJECT NUMBER Enter the appropriate 
military department identification, such a s  project number, 
subproject number, system numbers, task number, etc. 
9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi- 
c ia l  report number by which the document will b e  identified 
and controlled by the  originating activity. 
b e  unique to this  report. 
Qb. OTHER REPORT NUMBER(S): If t h e  report has  been 
assigned any other report numbers (either by the originator 
or by  the sponsor), a l so  enter this nomber(s). 
10. AVAILABILITY/LIMITATION NOTICES Enter  any lim 
itations on further dissemination of the report, other than thos 

Marking is to b e  in accord- 

Entei l a s t  name, first name, middle initial. 

REPORT DATE: 

This number must 

LINK C 

R O L E  

- 

W T  ‘ 

- 
imposed by security classification, using standard statements 
such  as: 

(1) 

(2) 

(3) 

“Qualified requesters may obtain copies  of t h i s  
report from D D C ”  
“Foreign announcement and dissemination of this  
report by DDC is not authorized” 
“U. S. Government agencies  may obtain copies  of 
t h i s  report directly from DDC. Other qualified DDC 
use r s  shal l  request through 

1 9  

(4) “U. S. military agencies  may obtain copies  of this 
report directly from DDC Other qualified use r s  
shal l  request through 

1 )  

( 5 )  “All  distribution of t h i s  report i s  controlled Qual- 
if ied DDC users  shall  request through 

# *  

If the report has  been furnished to the Office of Technical 
Services, Department of Commerce, for s a l e  to the public, indi- 
cate th i s  fact  and enter t he  price, i f  known. 
1 L  SUPPLEMENTARY NOTES Use  for additional explana- 
tory notes. 
12. SPONSORING MILITARY ACTIVITY Enter the name of 
the departmental project  office or laboratory sponsoring (pap 
ing for) t h e  research and development. 
13.  ABSTRACT: Enter  an abstract  giving a brief and factual 
summary of the document indicative of the report, even though 
i t  may a l s o  appear elsewhere in the body of the technical  re- 
port. If additional s p a c e  is required, a continuation shee t  sha l  
be attached. 

It is highly desirable that the abstract  of c lass i f ied report1 
be unclassified.  Each  paragraph of the abstract  shal l  end with 
an indication of the military security c lassi f icat ion of the in- 
formation in  the paragraph, represented a s  fTS), fS). ( C ) .  or (V )  

There is no limitation on the length of the abstract .  How- 
ever, the suggested length is from 150 to 225 words. 

14. KEY WORDS: Key words are  technically meaningful terms 
or short  phrases  that characterize a report and may be  used a s  
index entr ies  for cataloging the report. 
selected so that  no security Classification is required. Identi- 
fiers, such as  equipment model designation, trade name, militai 
project code name, geographic location, may be used as  key 
words but will b e  followed by an indication of technical con- 
text. The assignment of l inks,  roles, and weights is optional. 

Include address. 

Key words must be  

Security Classification 


